Abstract. Growth, flowering, and nutrient content of Eriophorum vaginatum were observed annually over 4 yr at 34 sites spanning 5.50 latitude and 1050 m elevation in northern and central Alaska. We found a strong correlation between the average number of thawing degree-days during the growing season and the peak-season leaf mass per tiller. However, the results from reciprocal transplant gardens established at five sites suggested the correlation was due more to genetic differences among populations than to direct climatic effects. Other variables showed little correlation with long-term degree-day averages, and leaf N and P concentrations were site specific. A year of high inflorescence density at any site along the latitudinal transect was likely to be a high flowering year at all other sites. However, a year of above-average growth north of the Brooks Range did not always coincide with above-average growth to the south, and vice versa. The greatest year-to-year variation was in inflorescence density; least variation was in leaf mass per tiller and N and P concentrations. We conclude that yearly variation in weather affects plants on a broad regional scale, but specific controls over flowering versus growth differ in their geographic extent.
vide access to a transect that includes all the major ecosystems of northern and central Alaska (Brown and Krieg 1983). The transect also spans a wide range of climate (Haugen 1982) , running from south to north for -900 km and crossing the Brooks Range (Fig. 1 ).
There were three primary goals. First, we attempted to determine if there were correlations between longterm degree-day averages and variables measuring longterm average growth and flowering along our transect. Previous attempts to examine these correlations for arctic plants have been confounded by the small number of sites from which data were available and by uncertainties about the comparability of diverse vegetation types (Wielgolaski et al. 1981 ). Second, we asked if there is any regional uniformity to the annual variation in growth and flowering within sites (i.e., whether a year of high growth or flowering at any site would predict high growth or flowering over a large region). Regional uniformity in flowering has been observed anecdotally by many arctic researchers, but this phenomenon has never been quantitatively assayed. Third, we attempted to estimate the genetic component of the latitudinal variation in plant growth. Although ecotypic variation is common in arctic plants on both local and regional scales (e.g., Mooney 
(Chapin and Chapin 1981, McGraw and Antonovics 1983).
A secondary goal was to determine the relationships between plant growth and leaf N and P concentrations over a broad region. Primary production in the Arctic is consistently nutrient limited, usually by N, P, or both , but year-to-year variation and geographic patterns have not been examined. We wanted to know whether above-average growth or flowering, either within or among sites, is associated with above-average N and P concentrations.
RESEARCH SITES AND CLIMATES
Thirty-four sites were used in this research (Table  1) , all in vegetation dominated by our study species, the tussock-forming sedge Eriophorum vaginatum L. (Wein 1973) , and with few or no trees. The sites at Eagle Creek and Elliott and all the sites north of the Brooks Range were typical tussock tundra (Britton 1966, Wein and Bliss 1974), whereas the southern sites were tussocky bog or muskeg vegetation with a species and growth form composition that is quite similar to tussock tundra (Kummerow et al. 1983 days between May and September (i.e., the summed daily mean air temperatures above 0C). The estimates were calculated by interpolation based on latitude between Haugen's sites and ours (Table 1) . We used their site-specific climatic data for Smith Lake, Eagle Creek, and Elliott Highway. The results show that the Smith Lake site was the warmest and Prudhoe Bay was the coldest (Fig. 2) . South of the Brooks Range the differences among sites were relatively small except at Eagle Creek and Elliott, which were much cooler due to their high elevations, and at Smith Lake, which had a warm continental climate. There was an abrupt 35-40% decline in thaw degree-days at the transition from the south to the north slope of the Brooks Range. On the North Slope, the number of thaw degree-days increased slightly through the foothills regions as latitude increased but elevation decreased. North of Happy Valley, the number of thaw degree-days declined sharply again with the transition from foothills to coastal plain.
METHODS

Growth, flowering, and mineral nutrition
The flowering data consisted of counts of Eriophorum inflorescences in each of six permanent 2 x 2 m plots (except at Pump 4, Galbraith, Kuparuk River, and Kuparuk Ridge, where there were 10 plots each). The counts included inflorescences that had been clipped by ptarmigan but were still recognizable by their elongated culms. Counts were made in late May or early June of each year, after all of the current year's flowering culms had begun elongation but before maturation of the inflorescences. In 1980-1982, we also counted tussocks on each plot.
Growth data were collected each year in late July or early August, at the time of peak live leaf mass per tiller ). We randomly sampled eight mature Eriophorum tussocks (Class III tussocks, defined as those with 10-50% cover by other species; Fetcher and Shaver 1982) within 10 m of the permanent plots at each site. Tussocks that had been sampled in previous years were rejected. We restricted our sampling to mature, Class III tussocks to reduce the potentially confounding effects of (1) heavy invasion of some tussocks by mosses and shrubs (Classes IV-VI), or (2) small size and low stature in immature tussocks or seedlings (Class I). Class III was by far the most abundant tussock class at all sites. Details of this tussock classification scheme, and data on the variation in growth, tillering, and nutrient content with tussock class, are provided by Fetcher and Shaver (1982) and Fetcher (1985) .
Growth was not measured directly. Instead, the peakseason leaf mass per tiller and the ratio of immature to mature tillers in the tussock were used as growth indices. These indices are well correlated with overall productivity and nutritional status ( After weighing, the leaf samples were analyzed for total N and P concentration. The analyses were performed with a Technicon AutoAnalyzer II system using standard methods (Technicon 1976, phenol method at pH 9.5), following digestion in concentrated sulfuric acid with heavy metal catalysts (Curtin-Matheson "Kel-Pak 1" catalysts). From the yearly mean concentrations of N and P in leaves at each site, N and P masses per tiller were calculated by multiplying concentration times leaf mass.
Reciprocal transplant gardens
In August 1980, reciprocal transplant gardens were established at Eagle Creek, No Name Creek, Toolik Lake, Sagwon, and Prudhoe Bay. These sites were chosen because they included a cold, high-elevation south- Growth of tillers in the transplanted tussocks was measured in June and August 1981, June and August 1982, and August 1983. These growth measurements were nondestructive. Near the center of each tussock, we haphazardly selected three mature tillers. We measured the length of the longest green leaf on each tiller and counted the green leaves and new leaves (i.e., leaves with no overwintered, dead tip). Beginning in August 1982, the width of a mature leaf on each tiller was also measured to the nearest 0.1 mm. In addition, two growth indices that combined individual measurements were calculated. Index 1 was the product of leaf length times the number of new leaves, and Index 2 was equal to Index 1 times leaf width. Index 1 has been shown to be highly correlated with leaf mass per tiller (Fetcher 1985) , and Index 2 was calculated as an index of leaf area per tiller. To account for transplantation effects, on each sample date a series of haphazardly selected, untransplanted "local control" tussocks was also similarly measured.
The measurements and indices were compared using two-way analysis of variance, with site-of-origin and garden as factors. F ratios were calculated using as the denominator the mean square for tussocks, nested within site-of-origin and garden. We also estimated the relative importance of genotype versus environment by comparing the sums of squared deviations due to site-of-origin versus garden. Because site-of-origin and garden should be considered fixed effects in an experiment such as this, it is not possible to calculate the absolute values for percent variance explained because these will be functions of the specific sites and gardens chosen. However, the sums of squares for the main effects do indicate the relative magnitude of the contributions of genotype versus environment to the total variation that was observed.
RESULTS
Tussock density
The number of E. vaginatum tussocks per permanent plot (Fig. 3) varied by an order of magnitude among these sites, but typical numbers were 10 to 20 tussocks per plot, or 3 to 5 tussocks/m2. High tussock densities usually occurred in flat, poorly drained river bottom sites, such as Mac's Lake, Pump Station 4, Kuparuk River, or Sag River. The highest density was at the Toolik Dust site, which was also relatively flat and poorly drained, but not in a river bottom. There were no strong latitudinal trends in tussock density, although site-to-site variability tended to be greater in the north.
Only one site had a statistically significant (P < .05) change in tussock density from 1980 to 1982. This overall lack of change was not surprising; the average age of an Eriophorum tussock is ; 100-200 yr (Mark et al. 1985) , and thus there should be very little turnover in the populations over only 3 yr. The slight yearto-year variation in mean tussock density we observed was probably due entirely to counting errors; it is often difficult to identify individual tussocks without excavating them from moss and other vegetation growing on and around them. In our analysis of growth and flowering we have assumed that tussock density was constant at all sites throughout the study.
Overall latitudinal patterns
Long-term average leaf mass per tiller declined overall from south to north (Fig. 4A) The long-term average number of inflorescences per plot was even more variable from site to site and was unrelated to either latitude or local topography along the transect (Fig. 4C) . There was no correlation between inflorescence density and tussock density (Figs.  3, 4C 
Annual variation
Variation among years within a site followed a pattern similar to that among sites, i.e., leaf mass per tiller varied least and inflorescence density varied most among years. Coefficients of variation for the long-term means in Fig. 4A -C were only 5-35%/ for leaf mass per tiller, vs. 1 5-80%/ for tillering index and 30-120%/ for inflorescence density. There were no discernable latitudinal trends in either the long-term coefficient of variation or the absolute range of the yearly means for any of the three variables.
Consistency in the variation among sites within a year was assessed quantitatively by calculating the yearly mean values for each variable as a proportion of the long-term mean (Figs. 5-7) . This proportion was lntransformed so that, for example, a deviation of 50% below the long-term mean appeared equal in absolute magnitude to a doubling of the long-term mean. When the yearly mean value was equal to the long-term mean, the value of the transformed variable was zero.
When the 1980 values of leaf mass per tiller were compared to the long-term average, the transformation showed that all sites north of the Brooks Range had above-average leaf masses; values for southern sites were generally below average (Fig. SA) . In 1981 leaf mass per tiller was considerably above normal south of the Brooks Range and inconsistent relative to the long-term mean in the North (Fig. SB) . Leaf mass per tiller was low in 1982 and 1983 at most sites, especially north of the mountains (Fig. SC, D) . These data show geographically consistent patterns in year-to-year variation in leaf mass per tiller-the probable cause is that the plants were responding to broad weather patterns in a particular year. In a year when leaf mass per tiller was high at a given site, leaf mass per tiller was also high at most neighboring sites (Fig. 5) .
Results for tillering index (Fig. 6) were similar to the results for leaf mass per tiller, especially in 1980. In 1981, tillering index was above average at almost all sites, but in 1983 the index was even more consistently below average than for leaf mass per tiller. The greater annual variation in tillering index relative to leaf mass per tiller was reflected in the greater deviations of the data points above and below zero (compare ordinate scales of Fig. 5 vs. Fig. 6 ).
Year-to-year variation in inflorescence density followed a completely different pattern from the other two variables (Fig. 7) . In particular, there were no northsouth differences. Years of above-average flowering (1981 and 1983) were above-average almost everywhere, while below-average years (1980 and 1982) were below-average everywhere. Flowering in 1984 (data not shown) was also uniformly high. Climatic controls over flowering must be very different from controls over growth, and occur over broader geographic areas.
Nutrient concentrations
Long-term average N concentrations in leaves of E. vaginatum varied from 0.9% at Smith Lake to 1.9% at Prudhoe Bay (Fig. 8A) , but there was no consistent pattern from south to north between these two latitudinal extremes. Between Sukakpak Mountain and the crest of the Brooks Range there was a consistent increase in N concentration, followed by a consistent decrease from the crest to the northern foothills region. Concentration of N increased slightly from the northern foothills to the coastal plain, with a large increase at Prudhoe Bay. These shorter trends were statistically significant and probably relate to changes in geology and soils.
Site-to-site trends in leaf P concentration were very different from those for N (Fig. 7B) . Again, there were no overall latitudinal trends, but for P concentration there was a distinct discontinuity between the Snowden and Timberline sites (near the crest of the Brooks Range). The discontinuity followed a consistent decline Total leaf N and P mass per tiller declined overall from south to north (data not shown), mainly because of the decrease in dry mass per tiller (Fig. 4A) . There was a distinct drop in N mass per tiller north of the Brooks Range because both N concentration and dry mass declined in that region. In contrast, P mass showed a more regular decline in the north because the changes in P concentration often tended to compensate for changes in dry mass.
Year-to-year variation in N and P concentration was smaller and much less consistent among sites than for growth and flowering variables (data not shown). Magnitudes of the ln-transformed deviations from the longterm mean N and P concentrations were usually below 0.1-0.2, vs. 0.2-0.4 for leaf mass per tiller (Fig. 5), 0.2-1.0 for tillering index (Fig. 6) , and 0.5-3.0 for inflorescence density (Fig. 7) . In 1982, concentrations of N and P were low relative to the long-term means at most sites. In 1983, N and P concentrations were generally high, but exceptions were numerous. There was no clear pattern at all in 1980 and 1981. These data suggest N and P concentrations were much less affected by possible annual changes in weather than were growth and flowering.
Reciprocal transplant gardens
In all gardens, leaf length was longest in tussocks transplanted from No Name Creek, the warmest garden site, and shortest in tussocks from Prudhoe Bay, the coldest (Fig. 9) . There was a twofold difference in 8. Long-term mean (? SE) percent N (A), percent P (B), and N:P ratio (C), in leaves of E. vaginatum growing along the transect, 1 980-1 9 83. mean leaf length between tussocks from these two sites. Furthermore, among tussocks from the same site, those transplanted to No Name Creek always had the longest leaves and those transplanted to Prudhoe Bay usually had the shortest leaves, indicating important climatic control over leaf length. Both garden and site-of-origin effects were highly significant in an analysis of variance (P < .001) for all three years of observation (1983 results shown in Table 2 ), and there was usually also a significant interaction term (P < .05). However, the site-of-origin effects consistently explained two to four times as much of the sum of squared deviations as the garden effects (e.g., Table 2 ). Comparison of untransplanted controls with transplanted tussocks from the same site indicated an effect of transplantation on leaf length. The transplanted tussocks had shorter leaves than the controls, but the effect of transplantation was small relative to the genotype and garden effects (Fig.   9 ).
Differences in new leaf production (Fig. 10t) were less striking than differences in leaf length but were still highly significant. In this case the garden effect was consistently greater than the site-of-origin effect, in 1983 explaining 29% of the sum of squared deviations vs. only 2% for site-of-origin (Table 2) that leaf initiation rate was reduced by low temperatures. Leaf initiation was also reduced by transplantation, especially at the northernmost gardens.
The total number of green leaves per tiller was only slightly affected by differences between sites of origin (data not shown), although the differences were statistically significant (P < .05). Differences between gardens explained a higher proportion of the total sum of squared deviations in green leaf number than did siteof-origin (Table 2) Table 2 ). The site-oforigin effect explained more than three times as much of the total sum of squares as the garden effect.
The two indices of tiller growth both showed very similar results to those for leaf length alone, because leaf length was the most responsive of the measures used to construct the indices. However, the indices do allow a rough estimation of the total variation in leaf mass and leaf area per tiller due to genetic differences vs. direct responses to the environment. Analyses of variance (Table 2) indicate the site-of-origin effect was consistently about twice as important as the garden effect, although both were highly significant.
DISCUSSION
We draw three principal conclusions from our results. First, there is broad regional uniformity in the annual, within-site variation in growth and flowering of Eriophorum vaginatum. Second, although annual leaf growth in Eriophorum is well correlated with latitudinal trends in temperature, much of the variation in leaf growth has a genetic basis. Third, leaf N and P concentrations are site-specific, show little annual variation and no latitudinal trends, and are not correlated with variability in growth and flowering.
Based on our first conclusion, we can extrapolate from site to site in northern Alaska, at least to the point of assuming that years of above-average flowering or growth at one site are above average over a large area. Growth variables (leaf mass per tiller and tillering index) on the north and south slopes of the Brooks Range seem to vary independently of each other. The variation in flowering was uniform over the whole transect, suggesting different controls (and different regional extent of the controls) over growth versus flowering.
The most likely cause of this uniformity is annual variation in regional weather, but the specific components of weather that are responsible remain to be identified. The relative importance of current vs. previous year's weather in determining the regional response also needs to be established. Flower buds, for example, are often formed quite early in the year preceding the year of flowering. The synchrony of flowering we observed may represent an adaptation for predator satiation, as suggested elsewhere (e.g., Taylor and Inouye 1985); however, this seems unlikely because some flowering occurred at most sites every year and annual variation was not highly skewed.
In contrast, our second conclusion suggests that longterm genetic adaptation, rather than short-term response to weather, is a more important determinant of total annual leaf growth in Eriophorum vaginatum. Plants from the colder sites always produce smaller leaves than plants from warmer sites, although the number of leaves produced is about the same. Apparently the short-term responses to weather are superimposed on a gradient of potential leaf size that is related to long-term average temperature (degree-day sums) during the growing season.
Ecotypic variation is common in the Arctic, even among plants only a few metres apart (Teeri 1973 The genetic differences we observed in leaf growth were not simply a function of latitude. Eagle Creek was the most southerly of the reciprocal transplant gardens, but its annual average degree-day accumulation was similar to that of sites north of the Brooks Range. Thus it is not surprising that in the transplant gardens leaf growth of plants from Eagle Creek was more similar to the leaf growth of plants from Toolik Lake and Sagwon than to that of plants from No Name Creek. This habitat difference may explain the large site-tosite variability in long-term average leaf mass per tiller near the southern end of our transect, but we cannot verify this hypothesis without more site-specific climatic data. Because we calculated degree-days by interpolation based on latitude differences from Haugen's (1982) sites, the estimates of Fig. 2 do not account for topographic effects such as cold-air drainage in valley bottoms or exposure on windy ridges.
Results of reciprocal transplant studies must be interpreted with caution because site-of-origin effects may be due either to genetic differentiation (as we contend here) or to population differences in reserves acquired prior to transplantation (e.g., Valiela et al. 1978 ). Carbon and especially nutrient storage contribute significantly to current year's growth in Eriophorum ). However, by 1983 all leaf biomass would have been replaced at least three times since transplantation (Robertson and Woolhouse 1984) , and virtually all other biomass, including storage rhizomes, would have been replaced at least once (Fetcher and Shaver 1983, Shaver et al. 1986 ). Significant environmental "carry-over" is unlikely to have affected our results.
Our third conclusion, that N and P concentrations are site-specific and unrelated to growth and flowering, was unexpected given the many demonstrations of strong nutrient limitation in Eriophorum-dominated vegetation (Tamm 1954 Part of the explanation for the site-specific N and P concentrations may lie in the timing of our sample collection. We have shown previously that, except in the 1 st yr after fertilization, Eriophorum has nearly the same element concentrations in both fertilized and control plants by the end of the growing season ). Greater nutrient uptake due to fertilization is reflected in higher biomass in the last half of the growing season, not higher nutrient concentration. Concentration differences are much greater early in the season, before being diluted by growth. By sampling late in the season, we minimized our chances of finding concentration differences that might have explained some of the within-site variation in growth from year to year. The observed between-site variation in longterm average leaf N and P concentrations is probably related to the complex geology along our transect (Brown and Kreig 1983). We do not know whether this variation is genetically based, representing ecotypic adaptation to site fertility, or simply reflects metabolic adjustments of genetically undifferentiated populations.
In summary, this research has illustrated three distinct kinds of plant-environment interaction, operating on the same species but on different scales of time and distance. First, over a short time span but a large area, annual changes in regional weather patterns appear to have a major influence on leaf growth, tillering, and flowering in Eriophorum vaginatum. Second, over a long time span along a climatic gradient that crosses several degrees of latitude, genetic changes in plant populations act to regulate the potential amounts of annual growth that individual organs like leaves can achieve. Third, site-specific factors such as soil nutrient availability can differentially affect plants over much smaller distances. All three kinds of plant-environment interaction are important in interpreting and predicting the role of environment as a regulator of primary production in the Arctic.
